Introduction
Vertebrate skeletal muscle is composed of a heterogeneous population of exuafusal fibers, each of which is characterized by unique morphological, physiological, and biochemical properties (2, 3, 9, 16, 17 ). The current model for the way this diversity of fiber type is produced during development in avian muscle proposes that differentiation is initially under myogenic control, with different fiber types being derived from distinct myoblast cell lineages, but that continued differentiation in the late embryonic and post-hatch period becomes dependent on a variety of factors external to the muscle cell, such as innervation, hormones, and interactions with the extracellular matrix (25, 29, 34) . Virtually all of the information on which this model is based depends on an analysis of myosin heavy chain expression with monoclonal antibodies (MAb). all presumptive fast fibers. In addition to its immunoreaction with slow extrafusal skeletal muscle fibers, AA21 displays a highly selective immunoreactivity with a number of other cell types in Werent tissues. The antibody stains a subset of intrafusal muscle fibers and intestinal and arterial smooth muscle, but not venous smooth muscle. In the ner- The only other protein with multiple isoforms whose expression in different fibers during development has been examined in the light of this hypothesis is the Ca2+-ATPase (12, 13, 21) . Ca2+-ATPase is the major protein of the sarcoplasmic reticulum membrane network in skeletal muscle. The enzyme transports Caz+ into the lumen of the sarcoplasmic reticulum during musde relaxation, thereby regulating the intracellular concentration ofCaZ+ (24). Two major isoforms are found in adult mammalian and avian skeletal muscle (10, 19, 21) . These isoforms are encoded by separate genes and their expression is developmentally regulated (5, 6, 21) . Immunologically it has been shown that the slow-twitch Ca2+-ATPase shares a common epitope with the cardiac (19) and smooth muscle (38) isoforms, and these may be altemately spliced products of the same gene (6, 37) .
To identlfy new molecular markers for studies of the differentiation of chicken skeletal muscle, we have generated MAb against developmentally regulated, fiber-specific molecules in chicken skeletal muscle. One of these MAb (AA21) showed a developmentally regulated, highly specific, and surprising pattem of immunoreactivity in a number of tissues, as described in this report. Although the molecule recognized by this antibody tumed out to be the slow/cardiac isoform of CaZ+-ATPase, our results demonstrate a number of new features of the distribution and cellular localization of this enzyme.
Materials and Methods

Sample Preparation
Adult roosters obtained from Steggles Poultry (Beresfield, N.S.W., Australia), commercial meat breed, were sacrificed by CO2 asphyxiation. Crude sarcolemmal fractions were prepared from freshly dissected muscles by a modification of the method of Andrew and Appel (1) . All of the steps were performed on ice (4'C) and in the presence of the following protease inhibitors: 0.1 mM phenylmethyl sulfonyl fluoride (Sigma; St Louis, MO), 0.1 pglml leupeptin, 0.1 pgglml pepstatin, 0.1 mM ethylene glycol bis-N,N,N,N'-tetraacetic acid, and 1.0 mM ethylenediamine tetraacetic acid. After fractionation by differential centrifugation and sequential extraction with 0.8 M LiBr, 0.6 M KCI, and H20, the final pellet was re-suspended in 10% sucrose and layered onto a two-step discontinuous sucrose density gradient and material collected from the 18-40% interface. The resulting membrane fraction was enriched in markers for both sarcolemma and sarcoplasmic reticulum. Skeletal muscle homogenates were prepared by sequentially homogenizing minced muscle in ice-cold dd HzO with an Ultraturrax and teflon-glass homogenizer (1230 rpm). The protein content of the samples was determined by the method of Lowry et al. (23) using bovine serum albumin as standard.
Preparation of AA21
Monoclonal antibodies with fiber-selective immunoreactivity were produced by injecting Balblc mice, 8-10 weeks old. with 10 Bg IP of the crude sarcolemmal membrane fraction purified from adult chicken ALD (anterior latissimus dorsi) muscle emulsified in Freund's complete adjuvant (CSL; Parkville, Vic., Australia). After three immunizations at 2-week intervals the mice were bled from the tail and serum was assayed (see below) for reactivity to membranes prepared from ALD andlor PLD (posterior latissimus dorsi). Mice with the highest titer were immunized IV with a further 10 pg of the sarcolemmal membranes and 3 days later were sacrificed and their spleens removed. Hybridomas were prepared as previously described (4), plated into Linbro wells at 106/well, and the supernatants screened 10-13 days later. Cells from positive wells were cloned twice by limiting dilution.
Hybridoma supernatants were screened according to the following selection criteria: (a) selective reactivity against fast or slow fibers with two methods, a solid-phase immunosorbent assay (Bio-Rad Dot-Blot assay; Richmond, CA) using crude sarcolemmal fractions form ALD and PLD and immunohistochemical staining of unfixed or lightly fixed cryostat sections of ALD and PLD; and (b) positive reactivity on Western transfers of sarcolemmal fractions.
AA21 is an I~G~A which showed an absolute specificity for ALD membranes on dot-blots.
Other Antibodies
MAb S58 against the slow (SM2) isoform of myosin heavy chain (8) was a gift from Dr. F. Stockdale. MAb SB1 20.11 against the chicken homologue of the Thy-1 glycoprotein (14,30) was a gift from Dr. P.L. Jeffrey. MAb CaSIC1-IgG against the slow skelctallcardiac isoform of Ca2+-ATPase (21) was a gift from Dr. D.M. Fambrough. MAb PA20 against chicken myosin heavy chains was raised as part of the same experimental program that produced AA21.
Immunoblotting
Sample proteins were separated on SDS-polyacrylamide gels according to the method of Laemmli (22) and transferred to nitrocellulose membrane (0.45 pm) (35) using either borate (50 mM boric acid, 2 mM EDTA, 4 mM p-mercaptoethanol, pH 8.9) or glycine (192 mM glycine, 20% vlv methanol, 20 mM Tris, pH 8.4) transfer buffers for 5-16 hr (36 V = 0.5 A) at 4'C. Nonspecific protein binding to the membranes was then blocked by sequential incubation in Blotto (5 % wlv skim milk powder) and 2 % (wlv) gelatin in PBS, pH 7.2, for 45 min. After three 5-minwashes in PBS/O.O5% Tween-20, membranes were incubated in MAb supernatant for 45 min. After further washes (three times for 5 min) in Tris-buffered saline (TBS) (150 mM NaCI, 10 mM Tris, pH 8.0)/0.05% Tween, membranes were incubated for 45 min in affinity-purified alkaline phosphatase-conjugated goat anti-mouse IgG (1:3000 dilution in TBSIO.O5% Tween) (Bio-Rad) or horseradish peroxidase conjugated sheep anti-mouse IgG (1 in 200 dilution) (Selenius; Hawthorn, Vic., Australia). Membranes were then washed twice for 5 min in TBSITween and once in TBS, and the reaction was visualized using BCIP (5-bromo-4-chloro-3-indolyl phosphatep-toluidine) and NBT (p-nitroblue tetrazolium chloride) as substrates (Bio-Rad) or diaminobenzadine (DAB). All incubations were performed at room temperature with shaking.
Histology
Tissues were dissected and snap-frozen in an isopentanelliquid nitrogen (-17O'C) slurry and were sectioned at -16°C. The 6-pm sections were airdried on subbed microscope slides and adjacent sections processed for immunohistochemistry and myosin ATPase activity.
Myosin ATPase Activity
Embryonic Tissue. Myosin ATPase activity in embryonic tissue was determined according to the modification of the standard Guth and Samaha (15) procedure by Butler and Cosmos (7), without the filtration step of the incubation mixture. Unfixed sections were stained for both acid-and alkali-stable myosin and the reaction was visualized after sequential incubation in 2% (wlv) CaClz and 1% (vlv) (NH& Sections were then dehydrated in a graded series of alcohol solutions and mounted in Depex medium.
Post-hatch Tissue. Unfixed sections were stained for myosin ATPase activity under conditions optimal for slow-twitch (Type I) myosin heavy chain isozymes. Briefly, sections were pre-incubated at pH 4.3 for 15 min followed by a 20-min incubation at pH 9.4 at 37'C. After color development sections were dehydrated and mounted as above.
Immunohistochemistry. Sections for immunohistochemical staining were fixed for 10 min at 4'C in 1% paraformaldehyde in PBS, pH 7.2. After washing several times with PBS, nonspecific binding was blocked with 1% BSAIPBS for 15 min. After a further wash, sections were incubated for 45 min with MAb supernatant diluted 1:2 with 1% BSAIPBS. Slides were then washed in a large volume of PBS three times for 5 min and incubated with FIX-conjugated sheep anti-mouse Ig for 45 min (1:200 dilution in 1% BSAIPBS). The washing procedure was repeated and slides were mounted with DABCO (1,4 diazobicydo [2,2,2]-octane) (Mer& Darmstadt, Germany), coverslipped, and sealed with nailpolish. Both antibody incubations were carried out in a humidity chamber with shaking at room temperature. Staining was visualized under incident fluorescence optics with a Wild Leitz fluorescence microscope and was photographed with Tri-X or T-max film rated at 400 ASA.
Cryoulaarnimtomy. Chickens (1 week old) were anesthetized and perfused through the left ventricle of their hearts with 2% paraformaldehyde, 0.1% glutaraldehyde in 0.1 M s o d i m cacodylate, pH 7.4. The exterior adductor muscle was rapidly dissected and fmed by immersion in the same fktive for a further 2 hr at 4'C, after which muscle was rinsed three times in cacodylate buffer containing 0.1% glycine. Small bundles of fibers were gently dissected from the muscles and placed in a PBS12.3 M sucrose sohtion. After 2-3 hr in sucrose the fibers were attached to stubs and snapfrozen in liquid nitrogen. Ultra-thin sections of the fibers were cut and mounted on formvar slot grids and then incubated in 1% BSA for 10 min. AA21 diluted 1:3 to 1:20 with 1% BSA for 30 min. rinsed five times in 1% BSA. incubated for 30 min in anti-mouse IgG labeled with 5-nm gold particles (Auroprobc GAMIgG G I ) Uanssen Life Science Products; Beerse. Belgium) diluted 1:9 with 1% BSA. rinsed five times in distilled water. incubated in 2% uranyl acetate for 5 min. and finally incubated twice in 1% methyl cellulose (Sigma; M7140). All incubations were carried out at room temperature. Nonspecific binding was controlled for by omitting the primary antibody and by comparing the distribution of gold particles produced when AA21 was substituted with a similar concentration of an MAb to myosin ATPase.
Results
Immunohistochemical Characterization of AA21 Reactivity
Immunohistochemically, AA21 recognized an antigen present in a subpopulation of skeletal muscle fibers in adult chicken ( Figure  1 ). The immunofluorescence was localized in a characteristic reticular pattern inside the muscle fibers, with some uneven staining around the edge of the fibers (Figures 1A and IC). To determine whether the immunopositive fibers correspond to a particular fiber type, adjacent sections were stained for the slow isoform of myosin ATPase. Under these conditions slow-twitch (Type I) fibers stained strongly, slow-tonic (Type 111) fibers stained moderately ( Figures 1B and ID) , and fast-twitch (Type 11) fibers did not stain (fibers marked with an asterisk in Figure 1B The reticular distribution of AA21 immunoreactivity within the fibers revealed in the light microscope suggested that the antigen may be associated with the internal membrane systems. This was confirmed at the electron microscopic level with pre-embedding histochemistry (data not shown) and cryoultramicrotomy with a gold-labeled secondary antibody (Figure 2 ). Both techniques gave similar results. The AA21 immunoreactivity was associated predominantly with the cytoplasmic surface of the internal membranes and was particularly heavy over the sarcoplasmic reticulum (arrowheads, Figure 2 ). The A-and I-bands and the 2-disks were not significantly labeled (not shown). The structure labeled with an arrow ( Figure 2B ). which contains little AA21 immunoreactivity, appears to be an obliquely cut portion of a t-tubule. An associated region of electron density (arrowhead, Figure 2B ), which was heavily labeled, is probably the cytoplasmic surface of part of the internal membrane.
Development of AA21 Immunoreactivity in Muscle Fibers
MAb AA21 recognized all the myotubes at E10 that displayed alkalistable myosin ATPase activity ( Figures 3A and 3B ). However. by E12 those fibers that were presumptively fast (displaying both alkaliand acid-stable myosin ATPase activity) began to lose the AA21 antigen, whereas the fibers with acid-stable myosin ATPase activity increased in AA21 immunoreactivity. This pattern of development continued until the slow fiber specificity observed in adult muscle was reached by E18. The temporal development of AA21 immunoreactivity was similar in all the muscles of the embryonic During late embryonic development there was a very close correlation between those fibers recognized by MAb AA21 and slow fibers, as determined by myosin ATPase activity. However, between E16 and E18 a number of small-diameter fibers were recognized by AA21 that did not contain slow myosin ATPase activity (results not shown). These were apparent in most muscles, especially those that were predominately fast, such as the iliotibularis, and in muscles of mixed fiber type in areas where there was a low density of slow fibers. Fibers with the same characteristics have been observed in the posterior iliotibularis (12) and tentatively identified as degenerating primary myotubes.
Identification of the MolecuLe Recognized by AA21
The results of the immunohistochemistry strongly suggested that AA21 recognizes a molecule(s) localized in the tubular systems of mature chicken slow skeletal muscle fibers. Immunoblots of crude sarcolemmal preparations and muscle homogenates demonstrated that AA21 recognized two protein components in slow muscle: a major band with an apparent molecular weight of 100,000 daltons and a minor band of approximately 200,000 daltons ( Figure 4 ). In agreement with the immunohistochemical results, both proteins were primarily or exclusively membrane bound. The immunoreactive bands were greatly enriched in the crude sarcolemmal fraction from ALD compared with the homogenate of ALD ( Figure 4A ; compare Lanes 1 and 2), and no immunoreactivity was detected in soluble fractions from any tissue (not shown). The immunoreactive bands were detectable only in sarcolemmal fractions ( Figure  4A , Lanes 3-6) or homogenates ( Figure 4B , Lanes 1 and 3) from muscles with a large proportion of slow fibers. At all ages from E10 to adult, the AA21 immunoreactivity in Western blots of homogenates of skeletal muscles was confined to the same two molecular weight bands whose relative abundance increased in parallel during development (not shown). Homogenates of cardiac muscle, intestinal smooth muscle (not shown), and brain ( Figure 4B , Lane 2) showed immunoreactive bands of very similar molecular weight. In all tissues, the major immunoreactivity was associated with the 100 KD band. The two bands were co-distributed in subcellular fractions of both brain and muscle and showed identical detergent solubility characteristics (Shahin, Seccombe. and Rostas, unpublished observations). No conversion of the 200 KD band to the 100 KD was observed with storage, and the 100 KD band appeared to be more susceptible to proteolysis (e.g.. Figure 4B) .
Together, these results suggested that AA21 was recognizing the slow isoform of the Ca**-ATPasc (21). To investigate this possibility we did a direct comparison between the reactivities of AA21 and CaSICl-IgG, a monoclonal antibody prepared by Kaprielian and Fambrough (21) against the slow isoform of the chicken skeletal muscle Ca?'-ATPasc. To unambiguously compare the two reactivities, homogenates of ALD (predominantly slow fibers), PLD (predominantly fast fibers), and brain were overloaded on polyacrylamide gels and transferred to nitrocellulose with a borate buffer (which is more efficient for these proteins). The membrane was cut midway through the track containing ALD homogenate and the halves of the membrane were reacted with AA21 ( Figure 4B . Lanes 1-4) or CaSICI-IgG ( Figure 4B. Lanes 4-7) . Both antibodies recognized the same protein components. including minor brcakdown products in the homogenate detectable under these conditions ( Figure 4B ). The two antibodies also displayed very similar patterns of immunoreactivity in embryonic and adult tissues by immunohistochemistry (sec below).
Tissue Distribution of AA21 Immunoreactivity
A highly selective distribution of AA21 immunoreactivity was also found in a number of cell types in addition to the slow extrafusal skeletal muscle fibers. Intense immunoreactivity was observed in vascular smooth muscle in arteries but not in veins, although the endothelium stained in both types of vessels ( Figures SA-5C ). This smooth muscle selectivity was observed in all muscles at all ages from E10 to adult, and the difference in staining of artcries and veins was the same in both small ( Figure 5A ) and large ( Figures  5B and 5C ) vessels. The difference in immunoreactivity between artcries and veins cannot be accounted for by AA21 staining the nerve fibers that innervate these blood vessels at different densities. This was shown by staining adjacent sections of a large artery with AA21 ( Figure 5B ) or SB1 20.11, an MAb against chicken Thy-1 which is strongly expressed by nerve fibers but not by vascular smooth musclc ( Figure 5D ). Intense AA21 immunoreactivity was also observed in some but not all intrafusal fibers ( Figure 6A ), and the subpopulation of AA21-positive intrafusal fibers did not match those classified as slow by MAb S58 (Figure 6B ). In contrast. both circular ( Figure 6D ) and longitudinal smooth muscle in the ileum (not shown), and ventricular cardiac muscle ( Figure 6C ). showed uniformly intense staining. The immunoreactivity in cardiac muscle cells was associated with structures that had a distinct longitudinal organization (arrowheads. Figure 6C ) similar to that observed in skeletal muscle ( Figure IF) .
Neurons showed a wide spectrum of staining intensities. The cell bodies of neurons in enteric ganglia ( Figure 6D ) and many neurons in the central nervous system. such as granule cells in the cerebellum ( Figure 6G ), were weakly immunoreactive compared with skeletal and smooth muscle. The mons of peripheral nerves showed even fainter staining ( Figures 5A and 6E) which was, nevertheless. significantly above background, as shown in Figure 6F where an adjacent section of sciatic nerve was stained with PA20. an MAb against chicken myosin heavy chain that docs not react with neural tissue. A minority of neurons. including cerebellar Purkinje cells ( Figure 6G ). ventral horn motor neurons. retinal ganglion cells. and what appeared to be the cholinergic retinal amacrine cells. stained intensely in both cell bodies and dendrites (31). In all areas of the nervous system examined. AA21 immunoreactivity was con- fined to nerve cells. In all the above tissues, AA21 staining of nonskeletal muscle cells showed the same sensitivity to variation in fiiation as did the staining of skeletal muscle. suggesting that the staining was due to the same antigen in each case. In addition, in all tissues invmigated the pattern of immunohistochemical staining observed with AA21 was virtually identical to that observed with CaSICI-IgG (not shown).
The epithelial cells in the ileum consistently showed weak immunoreactivity ( Figure 6D ). but we haw not determined systematically whether this staining is specific or is due to nonspecific binding of immunoglobulin. Chicken liver and pancreas did not stain with AA24 and the epitope mognized by this antibody is not conserved across phylogeny, since rat skeletal and cardiac muscle did not stain with AA21 (not shown). ; the two photographs were exposed and printed identically. The latter (F) demonstrates the nonspecific binding (since PA20 does not react with nerves). g, submucosal ganglion; a, arteriole; n. sciatic nerve. Bars: A,E,D-G = 10 pm; C = 1 pm.
Discussion
The monoclonal antibody AA21, raised against sarcolemmal fractions purified from ALD, selectively stains all slow fibers in mature chicken skeletal muscle. On the basis of immunohistochemical localization at the light and electron microscopic levels, the change in cellular distribution in skeletal muscle during development, the molecular weight of the principal protein recognized in Western transfers, and direct comparison with another MAb of known specificity, we have demonstrated that AA21 recognizes the slowtwitchkardiac isoform of calcium ATPase. Monoclonal antibodies for the slow isoform of calcium ATPase (21) have been described before, but the present studies with AA21 have revealed previously unidentified features of this enzyme, particularly with respect to its selective distribution and cellular localization in tissues other than skeletal muscle.
The principal immunoreactivity of AA21 was associated with a 100 KD protein band which corresponds to the known molecular weight for the sarcoplasmic reticulum calcium ATPase of skeletal muscle (26). However, significant immunoreactivity was also associated with a minor band at 200 KD. The existence of this additional immunoreactive protein component has not been reported before although, under the same Western transfer conditions, a well-characterized MAb (21) against the slow-twitchkardiac isoform of calcium ATPase also exhibited immunoreactivity with this band. The relationship between the two protein bands is not known. The 200 KD band may be a dimeric form of the 100 KD protein which resists boiling in SDS and mercaptoethanol, or it may be an immunologically crossreactive protein, such as has been described in smooth muscle (38) in which two isoforms of Ca2' -ATF' ase exist with different molecular weights and subcellular location.
These studies indicate that intrafusal fibers, vascular smooth muscle, and neurons also show a selective expression of the slow isoform of Ca2'-ATPase. Because of the difficulty of obtaining sufficient quantities of pure tissue, it was not possible to directly establish if the AA21 immunoreactivity in intrafusal fibers and vascular smooth muscle was due to the same immunoreactive band on Westerns, although the staining showed the same sensitivity to fixation as in extrafusal fibers. However, in skeletal muscle, brain, intestinal smooth muscle, and heart, at all developmental ages tested, the only immunoreactivity detected was associated with a major 100 KD and a minor 200 KD protein band. Furthermore, the same pattem of immunoreactivity was observed with another monoclonal antibody (21) raised against the slow/cardiac isoform of Ca2'-ATPase.
Several groups of intrafusal fibers have previously been classified on morphological and histochemical grounds in mammalian and reptilian (32) and in chicken (11,28) skeletal muscle. More recently, O d e (27) described the existence of two groups of inuafusal fibers that exhibited reversal in their staining for myosin ATPase after acid pre-incubation, a characteristic of fast-and slow-twitch exuafusal fibers. Therefore, it is not surprising that inuafusal fibers, like extrafusal fibers, may contain more than one isoform of calcium ATPase. Unlike exuafusal fibers, however, intrafusal fibers that stained with AA21 did not correspond to those that stained with S58. Assuming that in this tissue AA21 and S58 still recognize slow Ca2'-ATPase and slow myosin heavy chain, respectively, the mechanisms controlling the expression of these molecules may be different in extrafusal and intrafusal muscle fibers.
The strong immunoreactivity of AA21 with arterial smooth muscle and the lack of staining of venous smooth muscle was unexpected. This difference in immunoreactivity was seen as early as E10 and was independent of vessel diameter, occurring in both large and small veins and arteries as well as in arterioles. Therefore, the difference cannot be accounted for either by the difference in the amount of smooth muscle in the two vessels or by a reaction with the nerve fibers innervating the vessels. Rather, this finding supports the notion, advanced from a variety of physiological and pharmacological experiments (18,36), that suggests that the properties of vascular smooth muscle in arteries and veins are different. Whether venous smooth muscle expresses the fast skeletal muscle isoform ofCa2+-ATPase or contains an isoform that is different from the skeletal muscle enzymes is not known. The latter appears to be the case with the majority of neurons in the adult nervous system, since an antibody to the fast skeletal muscle isoform of Ca2'-ATPase did not stain brain (20) and antibodies to the slow isoform stained a small proportion of the neurons intensely whereas the rest of the neurons stained weakly or not at all (21, 31) .
In both developing brain and skeletal muscle the pattem of expression of the slow isoform of calcium ATPase was similar: all embryonic neurons and muscle fibers initially expressed this slow isoform, but with development many types of neurons and all future fast skeletal muscle fibers lost the isoform and replaced it with a different isoform. Physiological studies suggest that all immature blood vessels show "vein-like" behavior in their smooth muscle, and it is only after the establishment of innervation that the arterial smooth muscle develops characteristically different properties (33; and D.F. Van Helden. personal communications). Since arterial smooth muscle reacts strongly with AA21 and venous smooth muscle does not, it would be interesting to know whether this difference in immunoreactivity is maintained at all stages of development or whether AA21 immunoreactivity first appears in arteries after they become innervated. If the former is true, it would raise the possibility that arterial and venous smooth muscle cells arise from different cell lineages. If the latter is true, the developmental regulation in vascular smooth muscle may be the inverse of that in skeletal muscle (i.e., absent from immature cells and induced by innervation during development). In either case, it is clear that the slow/cardiac isoform of Ca2+-AWase is a useful marker for differentiation in several cell types.
